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Abstract
Although it is necessary to conduct reactive transport simulation for CO2 mineralization prediction, some data in
geochemical calculation have high uncertainty. We attempted to revise reactive surface area (RSA) data by 
matching the simulation results from TOUGHREACT ver.1 with the sampled formation water composition data of 
Nagaoka site. First, we used 1-D radial model to revise RSA and then applied it to 2-D radial model to verify the 
reliability under the more realistic condition. The procedure introduced in this paper could reduce the time to work 
on history matching study which contains time-consuming geochemical calculation.
© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
Carbon capture and storage (CCS) is one of the promising options to reduce the greenhouse gas emission. 
Forming carbonate minerals, which is called mineral trapping, is the most secure mechanism of CO2 trapping in a 
deep saline aquifer. Therefore, to evaluate how much CO2 will be trapped as carbonate mineral is quite important to 
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show the security of CCS and acquire the social receptivity. In order to evaluate it, we need to predict the injected 
CO2 behaviour over thousands years by conducting reactive transport simulation, which contains flow and 
geochemical calculation. However, some data for mineral dissolution/precipitation calculation, especially reactive 
surface area (RSA), have high uncertainty. Hence, we have attempted to revise the RSA data by matching the 
simulation results with the sampled formation water composition in Nagaoka CCS site, to make more realistic 
model. The simulation time of reactive transport model tends to be quite long in detailed model, thus we used 1-D
radial model to revise the RSA data through the history matching process. Then, we applied the results to 2-D radial 
model to verify the reliability under the more realistic condition.
2. Formation water sampling in Nagaoka CO2 storage site
Nagaoka CO2 storage site has one injection well (IW-1) and three observation wells (OB-2, OB-3, OB-4). 10,400 
ton of CO2 was injected into Haizume layer, which is a deep saline aquifer at the depth of about 1100 m, from July 
2003 to January 2005. After CO2 injection had stopped, the formation water was sampled from OB-2 at the depth of
1108.6m, 1114m, and 1118m by the 1st CHDT in December 2005, 1112m, 1118m and 1119.5m by the 2nd CHDT in 
September 2011, as shown in Fig.1. The water sampling data at the depth of 1118m was chosen for this history 
matching study because it was sampled at the same depth by the both CHDT. The compositions of the formation 
water are shown in Table 1. We focused on the concentration change of HCO3, Ca, and Si, since they have direct/
indirect influence on dissolution/ precipitation of calcite.
ż˖The 1st CHDT at the depth 1108.6m, 1,114m, 1,118m (December 2005)
CO2 free gas found at 1114m dissolved CO2 found at 1118m
Ɣ˖The 2nd CHDT at the depth 1112m, 1118m, 1119.5m (September 2011)
Fig. 1. Resistivity change and sampling points at OB-2  
3. 1-D radial model simulation
3.1. Model setup
To begin with, we constructed 1-D radial model with TOUGHREACT ver.1. The radius of circular region is 
10,000 m and divided into 50 grid blocks. The injection well “IW-1” of 0.3 m radius is set in the centre of the
model, and grid spacing gradually increases away from the well. The observation well “OB-2” is set in the 14th grid
block from the centre, which represents the actual distance between the wells, approximately 40 m. The model
thickness is 60 m, equal to the thickness of Haizume 1c layer in Nagaoka site. We assumed a homogeneous
reservoir with the properties based on the previous studies in RITE; temperature 48ć, porosity 0.23, permeability 
7md. Van Genuchten-Mualem model [1] [2] is used for gas-water relative permeability curves, and the critical gas 
saturation, the connate water saturation, and ramuda is 0.6, 0.2, and 0.457, respectively.
We set the simulation start time to Dec.2005, when the 1st CHDT performed. Since the reservoir pressure was
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already stable, the initial reservoir pressure is uniformly set to 10.8 MPa and assumed some amount of free CO2
around IW-1. The initial composition of formation water is that of the 1st CHDT in Table 1, and the initial rock 
mineralogy is quoted from Mito et .al. [3], as shown in Table 2.
Dissolution/precipitation of minerals proceeds under kinetic conditions. Kinetic rate of mineral is calculated by 
the following equation:
                    
ݎ௜ = ±݇௜ܣ௜ ቤ1 െ ൬
Q௜
K௜൰
஘
ቤ Ʉ
                                                                                                                                                                                 (1)
where ݎ௜ is kinetic rate of mineral ݅, ݇௜ is rate constant, ܣ௜ is RSA, K௜ is equilibrium constant, and Q௜ is reaction 
quotient. The parameters Ʌ and Ʉ, which are determined from experiments, are set to one. The kinetic parameters 
used in this study are also listed in Table 2.We compared the calculated results in the grid block of OB-2 with the 
observation data of the 2nd CHDT shown in Table1.
     Table 1. Composition of sampled water of the 1st CHDT and 2nd CHDT at the depth of 1118m (mmol/kg).
The 1st CHDT
(December 2005)
The 2nd CHDT
(September 2011)
HCO3
ˉ 38.0 59.4
SO42
ˉ 0.66 0
Clˉ 108 104
Na 238 113
K 6.16 9.2
Mg 1.18 3.68
Ca 17.6 12.9
Si 2.27 2.8
Al 0.007 0.28
pH 6.35 6.18㻌
3.2. Matching HCO3 concentration by varying Aqueous Species Diffusion Coefficient (ASDC)
In this 1-D radial model the CO2 gas and the CO2 dissolved water is retained in the same place, because the 
reservoir pressure is uniform and the gravity effect can’t be considered. Under this condition, we can calculate the 
reaction between the initial mineral composition and the formation water composition of the 1st CHDT without 
influence of CO2 flow at the observation point. As shown in Fig. 2, the calculated concentrations of HCO3 and Ca 
decrease with time. Thus, we can expect the calcite precipitation in this geochemical system. On the other hand, the 
observation data shows that the Ca concentration decreased but HCO3 concentration increased. This indicates that 
the CO2 dissolved water, in which HCO3 dissociates, migrated by the gravity effect, while calcite precipitating.
In order to reproduce this phenomenon in this 1-D radial model, ASDC was adjusted upward. ASDC is equal to 
“DIFUN” in TOUGHREACT ver.1 as explained in the user’s guide [4]. We conducted simulation without 
geochemical calculations to clarify the effect of ASDC on HCO3 concentration. We used the value of 1×10-9 m2/s for 
the initial data of ASDC, which is normal value, and the aqueous species was almost static during the calculation. 
When ASDC adjusted to 1×10-8 m2/s, we obtained the closest HCO3 concentration at OB-2 after 6 years to the
observation data of the 2nd CHDT.
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Table 2. Parameters for calculating dissolution/precipitation rate of minerals [3]
Volume 
Fraction 
(vol%)
RSA
(m2/m3mineral)
Rate Constant
(mol/m2s)
Activation Energy
(kJ/mol)
calcite
CaCO3
0.2 2.40E+04㻌 1.6h10-9 42
quartz
SiO2
29.3 2.40E+04㻌 1.26h10-14 87.5
K-feldspar
KAlSi3O8
13.5 2.40E+04㻌 1.0h10-10 41.9
albite~low
NaAlSi3O8
20.2 2.40E+04㻌 1.0h10-11 67.8
smectite-ca
Ca0.165Mg0.33Al1.67Si4O10(OH)2
29.2 1.5E+06 4.0h10-14 48
kaolinite
Al2(Si2O5)(OH)4
0.0 1.5E+06 1.0h10-13 62.8
gypsum
CaSO4 2H2O 0.1 2.40E+04㻌 1.0h10
-14 58.6
anorthite
CaAl2Si2O8
9.8 2.40E+04㻌 1.6h10-12 18.4
Fig. 2. Aqueous species concentration change (left) and mineral volume fraction change (right) at the observation point: Base case
3.3. Geochemical simulation by varying RSA 
We adopted the adjusted ASDC (1×10-8 m2/s) and conducted geochemical simulation to match the concentration
of HCO3, Ca, and Si at OB-2 after 6 years to the observation data of the 2nd CHDT. We selected RSA for varying 
parameter in this history matching simulation. The initial RSA data is based on the simulation results matched with
the data from chemical reaction experiment between reservoir rock powder and CO2 dissolved water. Geochemical
reactions in an underground condition must be different from in a laboratory; therefore, the initial RSA data could 
contain much uncertainty.
After many trial runs, we obtained CASE13B_1D for the best matching case as shown in Fig.3 and Table 3:
ASDC was slightly tuned to 1.2×10-8m2/s and RSA of all minerals was modified to 0.015 times of the initial data. 
This result is reasonable because the sandstone of Nagaoka site has some conglomerate, and thus should have the 
narrower contact area with formation water than expected.
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Fig. 3. Aqueous species concentration change (left) and mineral volume fraction change (right) at the observation point: Case13B_1D
Table 3. HCO3, Ca, and Si concentrations of the calculation results and the observation data (mol/kg)
Calculation Results
(CASE13B _1D)
Observation Data
(The 2nd CHDT)
HCO3
ˉ 0.06 0.0594
Ca 0.015 0.0129
Si 0.0029 0.0028
4. 2-D radial model simulation
4.1 Model setup
We constructed a 2-D radial model to consider the gravity effect and verify the reliability of the calibrated RSA 
data in the 1-D radial model. In the 2-D radial model we adopted the initial data (1.0×10-9m2/s) for ASDC and used 
more realistic reservoir properties and CO2 injection data.
We focused on zone 2 and zone 3 in Haizume 1c layer where the previous studies indicates the injected CO2
remained. Therefore, the 2-D radial model is 20m thick, divided into 10 layers as shown in Fig.4. The wells are 
located in the same way as in the 1-D radial model. The grid block of the 7th layer from the top in OB-2 well (the 
grid block address is [14, 7]) corresponds to the sampling point, hence we compare the calculation results of this
grid block with the observation data. CO2 was injected for about 2 years into zone 2, which corresponds to the layer 
number 3,4,5,6 in this model. The CO2 injection rate is divided in proportion to the permeability of the layer (Table
4).
For the base case, we assumed the horizontal permeability and porosity of each layer as shown in Table 5,
referring to previous studies. Vertical permeability is 0.1 times of horizontal permeability. A hydro static pressure
distribution over the depth was specified by the initialization calculation. The other parameters are essentially the 
same as in the 1-D radial model.
Table 4. CO2 injection rate at each layer
Layer No. Injection rate˄kg/s˅
3 0.02432096
4 0.02008192
5 0.05035466
6 0.08075585
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Table 5. Permeability and porosity at each layer
layer No. permeability 
(md)
porosity
Zone2a upper 2 3 2.84 0.225
Zone2a lower 4 4.69 0.225
Zone2b upper 5 11.76 0.225
Zone2b lower 6 7 9.43 0.225
Zone3 upper 8 9 10 1 0.204
Seal (zone1) 1 0.1 0.225
Fig. 4. Schematic view of 2-D radial model
4.2 Matching HCO3 concentration by varying reservoir properties
We performed the 2-D radial model simulation as follows;
1. The initialization calculation was performed to specify the hydrostatic pressure distribution over the depth.
2. The flow simulation without geochemical reaction was conducted during the CO2 injection period to obtain the 
CO2 gas distribution and pressure distribution.
3. The geochemical calculation was performed with the initial condition; the CO2 and pressure distribution
specified in the procedure 2, and the initial formation water composition data is assumed those of the 1st CHDT.
4. Compare the calculation results of the concentration of HCO3, Ca, and Si after 6 years with the observation data 
of the 2nd CHDT.
The base case results are; CO2 gas has already reached at the observation point at the time of CO2 injection 
stopped (Procedure 2) so that the HCO3 concentration after 6 years (Fig.5) becomes quite high value: 1.255mol/kg,
while the observation data is 0.059mol/kg. We can find a lower value (0.02mol/kg) two blocks below the CO2
plume. Hence, if the CO2 plume stays two blocks above the observation point, we may have the good calculation 
results in this 2-D radial model. In addition to that, it is consistent with other CHDT results which imply CO2 gas 
stays at the upper observation point as shown in Fig.1.
Based on the above consideration, we tried to match HCO3 concentration at the observation point through
adjusting CO2 gas distribution. We performed the simulation from the procedure 2 by changing the permeability
distribution and relative permeability curves. If we can confirm CO2 gas plume stays above the observation point, 
we move on to the procedure 3 and 4. We repeated this work from procedure 2 to 4 until obtaining a good matching 
result.
Finally, we found the HCO3 concentration in CASE10C_2D is the closest to the observation data. We set the 
permeability around the observation point quite small; The permeability of grid block address (12,4)~(50,4) is 
0.469md, (12,5)~(50,5) is 0.1176md , (12,6)~(50,6) is 0.0943md. We set connate water saturation to 0.25 and 
IW-1 OB-2
40m
20m
10km
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critical gas saturation to 0.25 so as to make the relative permeability curves less concave than those in the base case.
We can recognize the CO2 gas plume still stays two grids above the observation point after 6 years as shown in Fig.6.
The HCO3 concentration at the observation point is calculated to be 0.062 mol/kg, which is close to the observation 
data 0.059 mol/kg (Table 6).
Fig. 5. Gas saturation distribution and HCO3 concentration distribution after 6 years from injection stopped: Base Case

Fig. 6. Gas saturation distribution and HCO3 concentration distribution after 6 years from injection stopped: Case10C _2D
Table 6. HCO3, Ca, and Si concentrations of the calculation results and the observation data (mol/kg)
Calculation results Observation data
(The 2nd CHDT)CASE10C _2D CASE13B _1D
HCO3
ˉ 0.062 0.06 0.0594
Ca 0.016 0.015 0.0129
Si 0.003 0.0029 0.0028
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4.3 Discussion about the reliability of the calibrated RSA in 1-D radial model
We also confirmed the concentrations of Ca and Si in CASE10C _2D are close to the observation data (Table 6).
The results of CASE10C _2D are summarized in Table 6 with those of 1-D radial model (CASE13B_1D). We 
calibrated the RSA with 1-D radial model using the high value of ASDC to consider increase of HCO3 concentration.
In 2-D radial model, we changed reservoir parameters, using the normal value of ASDC and the calibrated RSA, to 
match HCO3 concentration to the observation data. We finally obtained almost the same calculated results in the 
both models. The procedure of using quite high value for ASDC in 1-D radial model is not a proper way for 
modelling, but is convenient to conduct history matching study that contains time-consuming geochemical 
calculation. We might be allowed to apply the RSA calibrated in 1-D radial model to a more complex structure
model, e.g. field size model. It can reduce the time to work on history matching study, comparing to varying RSA 
and other reservoir properties simultaneously.
4. Conclusion
We might save on much time in history matching study that contains time-consuming geochemical calculation by
adopting the above mentioned procedure. We adjusted RSA by multiplying the initial data by 0.015 in 1-D radial 
model. The value “0.015” can be deemed to “Scaling Factor”, which is used on RSA in some geochemical 
simulations. The discrepancy between the initial RSA and the actual RSA should be between 1 and 3 orders of 
magnitude [5], hence, Gaus et al.[6] and Joachim et al. [7] used 0.001 as “Scaling Factor”. We could make more 
realistic “Scaling Factor” in this study. However, the evaluated data has the consistency only at the observation 
point and the time period between the 1st CHDT and the 2nd CHDT. To perform more realistic geochemical
simulation, we also need more water sampling data at other points and different time intervals. 
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